Introduction
[2] The magnitude estimates of the 26 December 2004 Sumatra-Andaman range between from 9.0 to 9.3, which have been calculated from seismic waves [Ammon et al., 2005; Stein and Okal, 2005] , static offsets from GPS measurements [Banerjee et al., 2007; Subarya et al., 2006; Vigny et al., 2005] , joint seismic and geodetic data [Chlieh et al., 2007; Rhie et al., 2007] , and joint geodetic, altimeter and tide gauge records of tsunami [Pietrzak et al., 2007] . The main reason for variation in the magnitude estimate is the consideration of periods of seismic waves, e.g., use of waves with periods up to 500 seconds yielded an Mw of 9.0 whereas additional consideration of free oscillations of periods more than 1000 seconds yielded Mw in the range of 9.15 to 9.3 [Park et al., 2005; Stein and Okal, 2005] . The geodetic data have been extremely valuable in estimating the coseismic slip distribution and the magnitude of the earthquake. In the Andaman-Nicobar region, which is the region where 2/3 of the earthquake rupture occurred, the coseismic offsets were estimated from campaign mode GPS measurements. Thus one of the problems encountered in dealing with the geodetic data from the Andaman-Nicobar region is that these measurements of coseismic offsets also include 16-25 days of postseismic deformation. This has been cited as another reason for uncertainty in the magnitude estimates and the contribution from this has been estimated to be ranging between a few tens of cm [Banerjee et al., 2007] to 1 m [Chlieh et al., 2007] . Here, in this article, we analyse the vertical component of geodetic data and the previously reported tide gauge observations from the Andaman region to suggest that no large postseismic deformation occurred in the 16-25 days period following the earthquake.
Campaign Mode GPS Measurements of Coseismic Displacements due to the 2004 Sumatra-Andaman Earthquake
[3] The 26 December 2004 Sumatra-Andaman earthquake (Mw 9.0 -9.3) ruptured about 1400 km of the Sunda-Andaman subduction boundary between the IndiaAustralia and Sunda plates [Ammon et al., 2005; Stein and Okal, 2005; Banerjee et al., 2007; Subarya et al., 2006; Gahalaut et al., 2006] . The earthquake provided the most extensive geodetic data ever for a great earthquake. GPS measurements in the Andaman-Nicobar, Simeulue island and in the northern Sumatra region suggest that the earthquake caused coseismic horizontal displacement of more than 5 m at several places in predominantly WSW to SW direction [Jade et al., 2005; Gahalaut et al., 2006; Subarya et al., 2006; Banerjee et al., 2007] . Coseismic vertical displacements in the region derived from the GPS observations are comparable to the field observations and analyses of satellite imagery of drowned and uplifted coral reefs in the region [Meltzner et al., 2006] . However, there was a discrepancy in the sense of elevation change at Little Andaman island. Meltzner et al. [2006] reported coseismic uplift whereas Gahalaut et al. [2006] reported coseismic subsidence at site HB on Little Andaman. A reanalysis of the data suggests that indeed coseismic uplift of about 0.28 m occurred at HB, which was erroneously interpreted as subsidence.
[4] At Port Blair, the earthquake caused coseismic subsidence of less than 1 m (Table 1 and Figure 1 ). However the campaign mode GPS observations of coseismic change also include possible contributions from 1.3 years of interseismic and 16 days of postseismic deformation that must have occurred between the periods of measurements and the earthquake occurrence.
Tide Gauge Measurements at Port Blair
[5] Important near field coseismic observations come from an acoustic tide gauge at Port Blair. Singh et al. [2006] corrected the timing error in the record. Earlier, the wrong time marks prompted many [Bilham et al., 2005; Ammon et al., 2005; Lay et al., 2005] to suggest very slow slip in the Andaman region. They removed the effect of tides from the record and modeled the observed residual tide gauge record to infer slip as a function of time on the rupture below Port Blair and also the tsunami at Port Blair. The residual tide showed an increase in mean sea level by 95 ± 5 cm after the earthquake. Their modeling suggested that this increase in sea level was due to coseismic subsidence caused by rapid slip occurring over 5 minutes and slow slip occurring over the next 30 minutes of the earthquake. The change in water level due to the tsunami occurred only after about 40 minutes of the earthquake. The mean residual tide level on 28 April 2005 was estimated as +90 ± 5 cm.
GPS Measurements of Postseismic Deformation at Port Blair
[6] Immediately after the 26 December 2004 SumatraAndaman earthquake, we occupied several sites in the Andaman-Nicobar region during January -February 2005. These sites also include some of the sites which were earlier occupied before the earthquake [Gahalaut et al., 2006] . The campaign mode site at Port Blair was reoccupied on 11 January 2005, i.e., 16 days after the earthquake. We installed a permanent site on 7 September 2005 at a previous campaign mode site in Port Blair, PBLR, [Jade et al., 2005] which is being continuously operated since then. For the present analysis we used postseismic measurements at and near Port Blair. The daily observations from all the sites in the Andaman and Nicobar region have been analysed with the GPS data of surrounding IGS permanent sites using GAMIT software to obtain daily independent solutions [King and Bock, 2000; Herring, 2000] .
[7] Two additional campaign mode sites in Port Blair which were occupied while installing the permanent GPS station at PBLR helped us in making a composite time series at Port Blair since the earthquake. Since all these three sites in Port Blair, are within 2 km from each other and exhibit similar variation in displacements, hereinafter, we shall refer the composite time series at Port Blair as PBLR time series. Temporal variation of displacement at this and at all other sites in the Andaman Nicobar region ( 
Aftershocks and Postseismic Deformation
[8] Perfettini and Avouac [2004] examined the postseismic deformation and the aftershocks of the 1999 Chi Chi earthquake (M 7.6) and found that the temporal dependence of postseismic deformation differed from the aftershocks by only a term linear in time [Savage et al., 2007] . They suggested that both the processes were primarily driven by fault creep on the brittle creeping fault zone located downdip from the coseismic rupture, representing a delayed response to the coseismic stress changes and following a log(t) evolution. They proposed that the fault creep is governed by a rate-and-state dependent friction law. Savage et al. [2007] expressed the relationship in the following form
where u(t) and N(t) are cumulative displacement at site and aftershocks and a 1 , b 1 and c 1 are constants. b 1 is related to the interseismic velocity at site and c 1 to the postseismic displacement due to slip on the brittle creeping fault zone [Perfettini and Avouac, 2004] . Savage et al. [2007] also included a viscous relaxation term d(1À e Àat ). For t ( 1/a, i.e. during the early period of postseismic deformation, this term vanishes. Savage et al. [2007] showed that the above relationship holds for several recent earthquakes. However, it does not imply that these earthquakes had identical processes dominating their respective postseismic deformation sequences. We analysed postseismic displacement at PBLR, and aftershocks of M > 4.5 that occurred within 200 km of this site. We use the above equation and estimate a 1 , b 1 and c 1 in the best fitting manner (Figure 2 ). In the analysis aftershock magnitude is not considered and it is generally true that the higher magnitude aftershocks occur immediately after the main shock and at the later stage the magnitude of aftershocks decreases.
Missed out Early Postseismic Displacement in the Andaman Region
[9] As discussed earlier, the campaign mode GPS measurements of coseismic displacements in the Andaman Nicobar region were made about 16 -25 days after the earthquake on 26 December 2004 [Gahalaut et al., 2006] and contained early postseismic displacement. Chlieh et al. [2007] inferred the missed postseismic displacement at these sites by subtracting the predicted coseismic displacement derived from their preferred model derived from GPS displacements at continuously operating stations at greater distances, G-M9.15, from the reported campaign mode displacement. They inferred high postseismic displacement of about 1 -1.5 m in the Andaman region that occurred in the first 15-20 days after the earthquake. They interpreted this residual displacement in terms of afterslip of about 4 -10 m on the rupture in the Andaman region.
[10] Banerjee et al.
[2007] used a time series of postseismic displacement at Port Blair and fitted a log(t) curve. The extrapolation of the curve suggested that the missed postseismic displacement is only about À7, À22 and 12 cm in the north, east and vertical components, respectively [Banerjee et al., 2007] . However, a longer time series, as considered here, does not allow fitting of a linear line and predicts even higher estimate of missed displacement of À10, À32 and 21 cm in the north, east and vertical components (Figure 2c ).
[11] Pietrzak et al. [2007] also acknowledged the contribution of postseismic displacement in the campaign mode GPS measurements of coseismic offsets in the Andaman Nicobar region. However, they did not estimate it. Nevertheless, they suggested that the misfit between the observed and the model predicted coseismic displacement, which they estimated to be as large as a few m, could be the contribution of postseismic displacement of 16-25 days.
[12] Our analysis (Figure 2b ) allowed us to more accurately estimate the displacement which occurred in the period between the earthquake occurrence and first GPS measurements, i.e., the missed postseismic displacement in the 16-25 days period. Assuming that the above relation holds, the estimated values of a 1 , b 1 and c 1 and the cumulative number of aftershocks, N(t), were used to extrapolate the above relation right up to the day of the earthquake. In this way, we could estimate the missed postseismic displacement that occurred in the 16 days period following the earthquake. We find it to be about À1.5, À6.5 and 3 cm only in the north, east and up components, respectively at Port Blair, which is about 4 and 15-22 times less than that estimated by Banerjee et al. [2007] and Chlieh et al. [2007] , respectively (Figure 2b) . The tide gauge data of coseismic elevation changes at Port Blair provides independent support for this estimate. The estimates of coseismic elevation changes from campaign mode measurements that range between À84 ± 5 to À89 ± 5 cm (Table 1) , are very close to the tide gauge measurements of coseismic elevation changes of À95 ± 5 cm (Figure 1) . In fact tide gauge measurement on 28 April 2005, i.e., 123 days after the earthquake, shows sea level at 90 ± 5 cm [Singh et al., 2006] , implying a postseismic uplift of about 5 cm only since the earthquake. Thus, the tide gauge and GPS measurements imply that only about 5 -11 ± 5 cm of postseismic elevation change occurred in the period between the earthquake and the first GPS measurement in the postseismic period. This estimate is consistent with that estimated from the above analysis (3 cm) and suggests that indeed no significantly high postseismic displacement occurred immediately after the earthquake.
[13] In our analysis we ignored the interseismic elevation change that must have occurred during the period between the GPS measurements before the earthquake and the day of the earthquake. We assumed that the same rate, as estimated by Jade [2004] on the basis of campaign mode measurements during 1996, 1998 and 1999, applies in this period. She suggested an interseismic uplift rate of about 3 mm/ year, which is negligible in comparison to that in the postseismic period.
[14] We may argue that since the polarity of coseismic and postseismic vertical displacement is opposite, there could be a possibility of occurrence of very rapid and large postseismic slip, causing uplift, in the hours following the earthquake. In this case, the coseismic subsidence could be partly nullified, owing to its opposite polarity, and the estimated coseismic subsidence from the campaign mode data would be an underestimate. On the other hand, the coseismic and postseismic horizontal displacement occurred in the similar direction, i.e., towards WSW [Gahalaut et al., 2006 [Gahalaut et al., , also submitted manuscript, 2007 . Thus unlike vertical displacement, the horizontal motion in the coseismic and postseismic period could not balance each other, rather they were added. Thus the observed coseismic horizontal displacement would be an overestimate. This may lead to an underestimate of the above missed displacement. However, such large horizontal and vertical displacements due to assumed rapid and large postseismic slip are not consistent with the logarithmic decay or with the above analysis based on the model of Savage et al. [2007] and also with the tide gauge data.
Implications of the Analysis
[15] Chlieh et al. [2007] and Banerjee et al. [2007] subtracted their estimated values of postseismic displacements that presumably occurred in the early period, from the reported coseismic displacement at various sites in the Andaman Nicobar region [Gahalaut et al., 2006] . This has prompted them to decrease the coseismic displacement and hence to decrease the seismic moment of the earthquake. As discussed earlier, Chlieh et al. [2007] estimated the contribution of 16-25 days to be more than 1 m at Port Blair. Thus, they reduced the coseismic displacement in the Andaman region significantly. Their best estimate of Mw of 9.15 certainly appears to be a lower bound estimate. Banerjee et al. [2007] subtracted about 24 and 12 cm of horizontal and vertical postseismic displacement from all the campaign mode GPS measurements, assuming this to be the postseismic contribution of 16-25 days at all campaign mode GPS measurements of coseismic displacements in the Andaman Nicobar region. Thus even their best estimate of 9.22 for Mw of this earthquake appears to be slightly lower bound estimate. Our analysis suggests that only 7 and 3 cm of horizontal and vertical postseismic deformation occurred immediately after the earthquake and it needs to be subtracted from the campaign mode GPS measurements of coseismic displacement reported by Gahalaut et al. [2006] . The horizontal and vertical components of the displacement field are complementary to each other and any change in one component will also be correspondingly reflected in the other component. Here, we have discussed the vertical displacement, as the tide gauge records vertical displacement only. We consider that the horizontal displacement will also be affected in a corresponding manner. If we adopt the same strategy as adopted by Banerjee et al. [2007] and consider their rupture model for estimating the Mw for the earthquake, then it appears that they underestimated the horizontal coseismic displacement by 17 cm (i.e., 24 À 7 = 17 cm), which approximately provides an additional seismic moment of about 0.4 Â 10 29 dyne-cm, raising Mw for this earthquake from 9.22 to 9.23. Though the change in magnitude is not very significant, it is equivalent to an additional earthquake of Mw 8.3. However, it emphasizes that the magnitude estimate of 9.15 [Chlieh et al., 2007; Pietrzak et al., 2007] is clearly an underestimate.
Concluding Discussion
[16] Unfortunately, we cannot reliably estimate the contribution of 16 -25 days postseismic deformation in the campaign mode coseismic displacement [Gahalaut et al., 2006] at all other sites in the Andaman-Nicobar region, as the tide gauge data at other places and continuous measurements of postseismic deformation are not available. However, our estimate of the missed postseismic displacement based on longer time series at other campaign mode sites in the Andaman Nicobar does not exceed more than 10 cm (Gahalaut et al., submitted manuscript, 2007) which suggests that only modest postseismic deformation occurred in the early postseismic period and hence the coseismic displacement derived from the campaign mode GPS measurements do not contain large contribution from the following 16 -25 days period of postseismic deformation. In that case, it will not be justified to bring down the magnitude of the earthquake on account of this. In our opinion, Banerjee et al.'s [2007] estimate of Mw of 9.22, based on these and other GPS measurements in Sumatra region should be increased to 9.23.
